1. Introduction {#s0005}
===============

It has been recently pointed out that "almost every human protein has segments that can form amyloid" and apparently a universal mechanism is responsible for β-sheet formation in globular proteins and fibrillar aggregates. In fact, practically all-complex proteins have six-aminoacid-long segments with the particular structure that prompts aggregation when the protein partly unfolds [@bib1], [@bib2]. Goldschmidt and co-workers speculated that most proteins have evolved so that their structure effectively conceals their amyloid-prone areas, and that this mechanism was apparently ineffective for about 50 amyloid-disease associated proteins [@bib2].

Misfolded proteins have the ability to aggregate and interact with plasma membranes, inducing cell damage and malfunction mainly mediated via the formation of ion channels. Interestingly, this kind of toxicity named "hydrophobicity-based" is similar to those described for bacterial pore-forming toxins and viral proteins [@bib3], [@bib4], [@bib5].

Noticeably, Bucciantini et al. proved that proteins not associated with any disease are also neurotoxic, suggesting that a shared structural feature leading to the exposure of hydrophobic regions is at the basis of neurotoxicity, independently of their primary sequences [@bib6], [@bib7].

Many studies have been carried out to investigate the relationship between structural features and toxicity of amyloid proteins involved in amyloid-associated diseases (e.g. Alzheimer\'s disease) [@bib8]. In the case of neurodegenerative-diseases, it is now generally accepted that the pathogenic aggregates are not the mature fibrils, but the intermediate soluble oligomers [@bib9], [@bib10], [@bib11].

However, not only the protein structure seems to be involved in the molecular mechanisms of neurotoxicity and peculiar structures of the neuronal membrane are now under investigation. More in particular, the so-called "lipid-rafts" has apparently an important role in the pathogenicity.

It is well known that domains that generally not exceed 200 nm, enriched with sphingolipids, cholesterol (Chol) and characterized by high concentrations of membrane proteins, could exist. Lipid-rafts are not considered stable structures and the debate concerning their formation, dynamic, timeframe and composition is still open [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17].

For what concerns the lipid component, it is now currently accepted that lipid-rafts represent a liquid-ordered (L~o~) phase, made of unsaturated molecules like GM1 reinforced by Chol inserted in the hydrophobic backbone, floating in a more fluid liquid-expanded (L~e~) phase made of unsaturated lipids [@bib16], [@bib17], [@bib18].

As far as neurodegenerative diseases are concerned, lipid-rafts have been implicated in amyloidogenesis, in the process of amyloid protein aggregation, in the mechanisms of interaction between the amyloid proteins and the cell membrane, and in the amyloid neurotoxicity [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25].

In the outer leaflet of the actual neuronal membrane, the unsaturated palmitoyl, oleoyl-*sn*-phosphatidylcholine (POPC) and Chol are abundant, and GM1 ganglioside accounts for only 5--10% of the total lipids [@bib26]. Conversely, GM1 ganglioside is abundant in lipid-rafts, is representative of ganglioside distribution and known as the most popular raft-marker [@bib27], [@bib28], [@bib29]. It contains four neutral sugar moieties and a negatively charged sialic acid residue and is negative at physiologic pH [@bib30].

Recently, GM1 has been indicated to play a key-role in the interaction between amyloid proteins and cellular membranes. It has been shown that GM1 is involved in Aβ formation through binding to several Aβ aggregates [@bib31], [@bib32], [@bib33], [@bib34]. Ikeda et al. proposed in 2011 that GM1 clusters in lipid-rafts mediate the formation of toxic amyloid fibrils at the membrane surface [@bib35]. Matsubara et al. reported that GM1 density is a crucial factor for the assembly of Aβ-protein on detergent-resistant membrane microdomain fraction of synaptic plasma membranes prepared from aged mouse brain. The authors found that high-density GM1 in nanoclusters was formed in the synaptosomal membrane and closely connected with the formation of the spherical Aβ aggregates. Therefore, they suggested that there would be a critical density of GM1 in nanoclusters to induce ganglioside-Aβ binding, acting as an endogenous seed for Aβ assembly in Alzheimer\'s disease brains [@bib36].

In Molecular Dynamics (MD) simulations of the behaviour of Aβ molecules interacting with GM1 containing raft-like membrane, the oligosaccharide head-group of GM1 was observed to play a crucial role in the peptide binding. Manna and Mukhopadhyay have simulated three different model membranes composed of POPC, Chol/POPC, and GM1/Chol/POPC, concluding that the carbohydrate head-group of GM1, located outside the lipid bilayers, acted as binding site for Aβ [@bib37].

The role-played by Chol in the interaction Aβ-GM1 has been also investigated using a combination of biophysical and MD approaches. Fantini et al. showed that Chol accelerates the protein aggregation, and that Aβ is bound to the apolar phase of the membrane by sugar-aromatic interactions between the glycone part of the GM1 and specific amino acid side chains in the protein [@bib38].

Notably, the fundamental role played by GM1 has been also demonstrated for other amyloid proteins. As an example, Botto et al. investigated prion/ganglioside relationship in a neuronal cellular model, i.e. cerebellar granule cells. They concluded that prion-GM1 interaction at the cell surface could play a significant role in the mechanism predisposing to pathology [@bib39]. Bucciantini et al. showed that yeast prion Sup35 fibril binding and toxicity were affected by GM1. They observed the complete inhibition of binding and toxicity after the cutting of sialic acid moiety by neuraminidase [@bib40].

Remarkably, a similar effect has been reported by some of us also for the salmon calcitonin (sCT). In our study, we found that sCT is toxic for mature primary hippocampal neurons and that the lipid-raft disruption, obtained by neuraminidase, protects against toxicity [@bib41].

sCT can be a useful probe to investigate the interaction between amyloid proteins and a lipid membrane models. Calcitonins are polypeptide hormones with 32 amino acids implicated in Ca homeostasis [@bib42]. sCT aggregation, which has been widely studied, is typical of amyloid proteins [@bib43] but is characterized by a very slow aggregation rate and this peculiarity is at the basis of its pharmacological use [@bib25]. Due to its pK=10.4, this protein is positive at physiologic pH. Schubert et al. firstly showed that human CT was toxic to cells in culture [@bib9], while, Wang et al. showed the same for bovine CT [@bib44]. More recently, we showed that sCT oligomers were toxic to mature primary neurons and, we reported the evidence of sCT "pore-like" structure oligomers, that is very similar to those described for other amyloid proteins and in particular for Aβ. Noticeably, these structures form Ca^2+^-permeable pores when inserted into rafts-containing liposomes. We demonstrated that the presence of lipid-rafts in liposomes strongly favours the binding of sCT with a consequent increase of its β-secondary structure content. Conversely, sCT slightly interacts with raft-free liposomes, without any significant conformational modification [@bib4], [@bib41], [@bib45], [@bib46].

However, despite the proliferation of studies on the interaction of amyloid proteins with lipid-raft, still little is known about the involved molecular mechanisms, and whether a specific molecule in the rafts triggers the binding and the following structural arrangement of the proteins. That is the reason why we decided to develop simplified models of a lipid membrane mimicking the occurrence of lipid-rafts and to study their interaction with sCT.

The use of model membrane systems has remarkably improved the knowledge on the biochemistry of amyloid proteins interacting with lipids [@bib17]. Although very simplified compared to the complexity of biological cell membranes, lipid bilayers and monolayers can be employed as useful models. On one hand, liposomes can be easily prepared and are the most used bilayer model. On the other hand, the Langmuir technique allows preparing monomolecular films at the air-water interface that have been successfully used for the study of the phase behaviour of lipid systems.

Simplified models for lipid-rafts were proposed, based on the observation that detergent-resistant membranes obtained from actual cellular membranes were rich in sphingolipids and Chol and depleted in unsaturated phosphatidylcholines. Moreover, biophysical studies indicated that liposomes formulated with sphingolipids and Chol in ordered phases, such as L~o~ or solid-ordered (S~o~), were found to be resistant to solubilisation with Triton X-100, while soluble if in L~e~. GM1/Chol/POPC mixtures mimicking the local composition of lipid-rafts in the cellular membrane are presently used as raft models [@bib37], [@bib38].

Langmuir monolayer technique is a potent tool providing information about the interactions involved, miscibility and stability of the monolayer. Thermodynamic measurements provide insights on the lipid mosaic phase and its modification due to the presence of proteins (i.e. binding, aggregation and/or mixing) [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52]. The thermodynamics of the interaction is usually investigated by depositing at the air-subphase interface premixed mixtures of the peptide with the membrane models, at increasing molar ratios [@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59]. The surface pressure isotherms provide useful information on the nature of the short-range and long-range interactions between the molecules, especially between lipids and Aβ peptides [@bib59], [@bib60]. The two-dimensional Langmuir film morphology at the water-air interface can be visualized, in real time and with a low resolution (few microns), using Brewster Angle Microscopy (BAM). This technique is sensitive to the changes in the optical parameters of the monolayer, and the local changes in packing or orientation of the molecules are easily monitored [@bib61]. Recently, BAM has been successfully applied in the study of the formation of protein clusters in model membranes constituted by binary lipid mixtures [@bib62].

The Langmuir monolayers can be successfully deposited onto atomically flat surfaces, accurately controlling the surface pressure, to prepare solid monolayers (Langmuir-Blodgett technique). Depending on the hydrophobicity of the employed substrate and the deposition procedure, it is possible to prepare double layers mimicking the lipid component of actual membranes. During the deposition, the water is kept out of the lipid bilayer and, if we are in compact phase such as liquid-condensed (L~c~) or L~o~, the arrangement is enough rigid to avoid dramatic collapses. That is the reason why, for a high-resolution investigation of the Langmuir-Blodgett (L-B) film in air, Tapping Mode-Atomic Force Microscopy (TM-AFM) has be successfully used [@bib63]. This technique was able to obtain molecular lateral resolution and subnanometer vertical resolution, yielding molecular-scale topographic maps of surfaces.

Here we prepared, by the L-B technique, a simplified model of the neuronal membrane. More in particular, we prepared an outer monolayer mimicking the local composition of lipid-raft characterized by a high content of GM1 and a minority part of Chol and POPC (0.50/0.25/0.25) [@bib37]. This monolayer was deposited onto mica covered by a pure POPC monolayer simulating the inner leaflet of the lipid bilayer. The deposition surface pressure of both monolayers was kept constant at 22 mN/m, allowing us to consider the whole bilayer to be in L~c~ phase [@bib64], [@bib65]. This is valid for the whole model but the local lipid arrangement in the outer leaflet, rich in saturated GM1, can be in the L~o~ phase that characterizes lipid-rafts.

We prepared and studied in-air and at molecular resolution by TM-AFM the outer monolayer with embedded sCT at a concentration such that the number of proteins equals that of GM1. Moreover, to understand the nature of the interaction between sCT and our model membrane we prepared and studied by Laser Doppler electrophoresis, the ζ-potential of GM1/Chol/POPC liposomes of lipid composition as the outer monolayers of the model discussed before (0.50/0.25/0.25).

Finally, to further investigate the interaction thermodynamic of sCT with the outer leaflet of our model, Langmuir monolayers deposited at the air-water interface and containing increasing sCT percentages, were prepared and studied by combined experiments of compression isotherms and Brewster Angle Microscopy (BAM).

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

1-Palmitoyl-2-oleoyl-*sn*-phosphatydilhcoline (POPC), (Molecular weight: 760.08) and monosialoganglioside-GM1 (Molecular weight: 1545) from bovine brain and Chol (Molecular weight: 386.66) were purchased from SIGMA (SIGMA Chemical, St Louis, MO). Lyophilized sCT (Molecular weight: 3432) was purchased from European PHARMACOPOEIA (EDQM, Strasbourg, France) and stored at −18 °C before use. Chloroform, methanol, and other solvents were also purchased from SIGMA. Stock solution of POPC was prepared in chloroform (1 mg/ml). sCT was dissolved in 4:1 (v/v) chloroform/methanol containing 0.5% amyl alcohol. All the chemicals were used without further purification. Phosphate Buffered Saline (PBS, pH 7.4, I 0.16) was used. In all experiments and for cleaning procedures only ultra-pure MILLI-Q water was used. The composition of lipid-rafts was simulated using different mixtures of GM1, Chol and POPC. Chol and POPC were dissolved in chloroform and GM1 in 2:1:0.15 (v/v) chloroform/methanol/water. All used concentrations were 1 mg/ml. These solutions were mixed in appropriate ratios to form the different model membranes: i.e. GM1/Chol/POPC molar ratios 0.50/0.25/0.25: Chol/POPC 0.50/0.50 molar ratio. sCT was added to the lipid mixture before the Langmuir film preparations.

2.2. Langmuir and Langmuir-Blodgett monolayer preparation and characterization {#s0020}
------------------------------------------------------------------------------

Langmuir monolayers were prepared using a KSV3000 Langmuir trough with a total area of 79.5×10^2^ mm^2^ (KSV LTD, Finland), placed on an anti-vibration table and enclosed in a Plexiglas box to avoid contamination and dust deposition. All the experiments were performed using a trough thermostated by a water-bath circulator at a temperature of (20±0.1 °C). The Langmuir monolayers were spread on PBS (0.15 M) subphases at pH 7.4. Such a subphase was chosen after a large number of experiments aimed at achieving a good film stability and optimal reproducibility.

The films were characterized by surface pressure-area (π-A) isotherms studies. Compression was achieved with the symmetric movement of the two barriers. Trough and barriers were thoroughly cleaned with appropriate solvents. Prior to film deposition, the surface was cleaned repeatedly by sweeping the barriers and aspirating the surface in between, until no change in surface pressure was detectable compared to the closed and the open positions. The surface pressure during the film compression was monitored using a microbalance and a Wilhelmy plate. Appropriate amounts of the lipid solution (80--120 μl) were spread in a drop-wise manner with a 10-μl microsyringe. Monolayers were compressed at a rate of 30 cm^2^/min. Before starting the regular compression run, three successive compression/expansion cycles spanning the L~e~ phase of the monolayer, were performed to check monolayers stability and to verify the absence of hysteresis. For each film composition at least three isotherms were carried out in identical conditions to ensure reproducibility. The representative isotherm at each molar ratio was obtained by averaging, over the x-axis, at least tree reproducible isotherms.

Selected samples were deposited onto freshly cleaved mica to obtain a [L]{.smallcaps}-B film to be studied by AFM. Two kind of [L]{.smallcaps}-B films were prepared: i) plain POPC onto mica simulating the inner membrane leaflet and used as substrate of the outer monolayer; ii) GM1/Chol/POPC molar ratios 0.50/0.25/0.25 simulating lipid-raft in the outer membrane leaflet and containing sCT at X=0.34 molar ratio.

The plain POPC monolayer was deposited by vertically extracting the mica sheet through the film at a constant rate of 0.1 mm/min and keeping film surface tension constant at 22 mN/m. The mica had been previously half-dipped into the subphase before monolayer deposition. This hydrophobic L-B film was used as substrate for the deposition of the [L]{.smallcaps}-B monolayer simulating the lipid-raft with sCT. Due to the POPC monolayer hydrophobicity, the deposition was performed by dipping it into the subphase, keeping the film surface tension constant at 22 mN/m.

Supported L-B monolayers were stored in a dry atmosphere to keep them stable over a long period of time. Five series of samples were prepared and the best three series were chosen for the experiments.

2.3. Atomic Force Microscopy (AFM) {#s0025}
----------------------------------

Images were collected in air, at room temperature using a DIMENSION ICON with a Nanoscope V Controller (Brucker AXS, Germany). The tapping mode was employed, using etched silicon cantilever probes of 125 µm nominal length, at a drive frequency of ∼300 kHz. Both height and phase data were recorded at a scan rate of 1 Hz and stored in a 512×512−pixel format. Images were processed using Gwiddion software. For those used in the measurements of the heights, the only image processing was zero order flattering. The only other image adjustments were setting the image heights range, colour contrast, and colour offset for best appearance of structural details. we used AFM in contact mode to measure the layer heights by scratching the soft lipid films up to the hard mica.

2.4. Brewster Angle Microscopy (BAM) {#s0030}
------------------------------------

BAM is a technique that allows for the direct visualization of Langmuir films at the air-water interface and is based on the principle that p-polarized light is not reflected at the Brewster angle. The presence of a monolayer results in the reflection of light with the consequent image formation. A Brewster angle microscope BAM 2 plus NFT (NFT Gottingen, Germany), mounted on the KSV3000 Langmuir trough (KSV, Helsinki, Finland), is used to capture images during the formation and compression of the films, at desired target surface pressure (the lateral resolution can be estimated to be in the order of 3 µm). The trough and the microscope were both housed in a cabinet to avoid air currents. The images were digitized using a frame grabber and treated with image-processing software to correct both distortions resulting from the observation at the Brewster angle and inhomogeneity in the laser illumination.

2.5. Thermodynamic analysis of Langmuir mixed-monolayers {#s0035}
--------------------------------------------------------

We have analysed the measured Langmuir isotherms in terms of mean molecular areas and excess energy of mixing at selected lateral pressures. The way in which the mean molecular areas depend on the composition of the mixed monolayer gives information on possible interactions between the different molecular species in the film [@bib52]. In the "area analysis", a linear dependence indicates either an ideal mixing or a complete immiscibility of the two components. Conversely, while repulsive interactions cause positive deviations from linearity, negative deviations indicate attractive interactions between the different molecular species [@bib66], [@bib67]. The "partial molecular area" relative to sCT can be also defined as the variation of the total monololayer area occurring when X increases. This parameter can be evaluated by the classical"method of the tangents" applied to the "area-analysis" results [@bib52].

The excess free energy of mixing, ΔG, was calculated from the (π-A) isotherms of the mixed monolayer, by the method developed by Goodrich:$$\Delta G = \int_{0}^{\pi}{A_{1,2}d\pi - X_{1}}\int_{0}^{\pi}{A_{1}d\pi - X_{2}}\int_{0}^{\pi}{A_{2}d\pi}$$where *X* is the molar fraction, with subscripts ~**1**~ and ~**2**~ referring to the two components (in our case 1 is referred to the lipid mixture and 2 to sCT) and subscript ~**1**~**~,~**~**2**~ to their mixture (*X*~*1*~*+X*~*2*~*=1)*. The excess free energy of mixing provides information on whether the mixing is energetically favoured (ΔG\<0), or not (ΔG\>0), compared to an ideal mixing (ΔG=0) for which it is assumed that the interactions of a molecule with the molecules of the other species, or with the molecule of its own species, are equal. Actually, ΔG\<0 indicates that the interaction between the two different components is favoured, whereas ΔG\>0 can be interpreted as a tendency of the molecules to interact preferentially with molecules of the same kind, thus, suggesting a phase separation or an aggregation of one component [@bib52], [@bib57]. In order to estimate the error on ΔG, we have used the formula:$$\mathit{Error}\mathrm{\Delta}G = \sqrt{\left( {\mathrm{\Delta}S}_{1,2} \right)^{2} + \left( {X_{1}{\mathrm{\Delta}S}_{1}} \right)^{2} + \left( {X_{2}{\mathrm{\Delta}S}_{2}} \right)^{2}}$$where: Δ*S*~1,2~, Δ*S*~1~ and Δ*S*~2~ are the standard errors associated to the mean of the value of integrals (named *S*~1,2~, *S*~1~ and *S*~2~) in Eq. [(1)](#eq0005){ref-type="disp-formula"}, calculated at the different surface pressure π, for the single reproducible isotherms.

2.6. Liposome preparation {#s0040}
-------------------------

As in the case of Langmuir films, the composition of lipid-rafts was simulated using different mixtures of GM1, Chol and POPC. Chol and POPC were dissolved in chloroform and GM1 in 2:1:0.15 (v/v) chloroform/methanol/water. All used concentrations were 1 mg/ml. These solutions were mixed to simulate the raft model with GM1/Chol/POPC molar ratios 0.50/0.25/0.25. sCT, dissolved in 4:1 (v/v) chloroform/methanol containing 0.5% amyl alcohol, was added to the raft simulating solution before the liposome extrusion, at a final molar fraction of 0.34. Two control liposomes were also prepared, that is plain POPC and Chol/POPC. The aqueous dispersions of liposomes were prepared in PBS (0.15 M), according to the extrusion technique associated with the freeze-thaw protocol, as described in the literature [@bib68], [@bib69]. Briefly, a film of lipid was prepared by evaporation of the solution containing the appropriate amount of lipids and protein to obtain a dispersion of multilamellar vesicles (MLV). PBS buffer solution (Aldrich, 10−2 M, pH 7.4) was added to obtain lipid dispersions at a final concentration of 1 mg/ml. The solutions were vortex-mixed and freeze-thawed 6× from liquid nitrogen to 307 K. Dispersions were then extruded through a polycarbonate membrane with pores of 100 nm (10×) at 307 K using a 2.5 ml extruder (Lipex Biomembranes, Vancouver, Canada).

2.7. ζ-potential and size measurements by Dynamic Light Scattering (DLS) {#s0045}
------------------------------------------------------------------------

Both the electrophoretic mobility and the size of liposomes were measured by means of an integrated apparatus, NanoZeta-Sizer (Malvern Instruments Ltd., UK), equipped with a 5 mW He--Ne laser. The normalized intensity autocorrelation functions were measured at an angle of 173°. The autocorrelation functions were analysed by using the NNLS algorithm [@bib70]. The decay times were used to obtain the distribution of the diffusion coefficients D of the particles, further converted into a distribution of the effective hydrodynamic radii, R~H~, using the Stokes- Einstein relationship R~H~=k~B~T/6πηD, where k~B~T is the thermal energy and η the solvent viscosity. The values of the radii reported here correspond to the average on the "intensity weighted" distribution [@bib71].

The particles ζ-potential was obtained from the electrophoretic mobility μ measured by combining laser Doppler velocimetry (LDV) and phase analysis light scattering (PALS) [@bib72], thus allowing an accurate determination of the average mobility and of the mobility distribution. The mobility μ was converted into the ζ potential using the Smoluchowski relation ζ=μ η/ε, where η and ε are the viscosity and the permittivity of the solvent phase, respectively.

3. Results and discussion {#s0050}
=========================

3.1. Atomic Force Microscopy (AFM) {#s0055}
----------------------------------

In our study, we have investigated the interaction of the amyloid sCT with a model system that simulates the lipid components of a neuronal cellular membrane. Two L-B monolayers were prepared and deposited in the L~c~ phase (π=22 mN/m), because the equivalence between the physical properties of mono- and bilayers has been studied and identified when they are in the L~c~ phase [@bib65].

The lower monolayer is composed of pure unsaturated POPC lipid, directly deposited onto mica, while the external deposited on the first, by the GM1/Chol/POPC mixture (0.5/0.25/0.25) and sCT.

The external layer simulates the local composition of lipid-rafts present in the outer neuronal membrane leaflet. We note that this is a model of the lipid component of the raft and not of the whole outer membrane leaflet that in the actual membrane is characterized by a low GM1 content and an high concentration of membrane proteins.

We added to the outer monolayer sCT before the deposition at the air-water interface, at a concentration such that the number of protein molecules equals that of GM1 (X=0.34). This choice and not to insert sCT in the water subphase, was motivated by the possibility of controlling the exact relative sCT-GM1 molar ratio. The addiction of sCT to the subphase would lead to indeterminations in the exact evaluation of the amount of protein actually adsorbed in the monolayer.

For a preliminary control of the correct formation of the lipid bilayers and the absence of dramatic dehydration phenomena, we studied the simple Chol/POPC (0.5/0.5) layer without sCT, deposited onto POPC on mica. A certain region of the film, imaged by TM-AFM, was also scratched by contact-mode AFM, thus allowing the determination of the thickness. Results are reported in [Fig. 1](#f0005){ref-type="fig"}. As expected, TM-AFM images revealed a very flat surface ([Fig. 1](#f0005){ref-type="fig"}c), without holes or islands and the line profile ([Fig. 1](#f0005){ref-type="fig"}a) relative to the scratched region ([Fig. 1](#f0005){ref-type="fig"}b) showed a hole of about 6 nm deep, in good agreement with the known dimension of a POPC bilayer.Fig. 1AFM study of the model made of a Chol/POPC (0.5/0.5) layer deposited onto mica covered by POPC. [Fig. 1](#f0005){ref-type="fig"}a shows the line-profile obtained after the scratching performed in contact mode (white line in [Fig. 1](#f0005){ref-type="fig"}b). [Fig. 1](#f0005){ref-type="fig"}c shows the same sample before the scratching, imaged in TM-AFM. A flat surface can be observed.Fig. 1.

This control clearly demonstrates that our bilayer preparation method correctly leads to homogeneous lipid membrane models, not dramatically affected by dehydration phenomena that could collapse their structure. This can be explained considering that the deposition performed by the [L]{.smallcaps}-B technique allowed us to accurately maintain constant the pressure at 22 mN/m while the hydrophilic POPC heads were transferred to the hydrophilic, atomically flat mica (inner monolayer). At the same time, during the outer bilayer deposition the hydrophobic tails of the Langmuir film were transferred to the hydrophobic tails of the first POPC monolayer (outer monolayer). Thus, when the bilayer is formed, water can be localized only outside the hydrophobic backbone and the lipid structure, in the L~c~ phase is enough compact to stabilize the bilayer.

[Fig. 2](#f0010){ref-type="fig"} shows TM-AFM images relative to independent samples representative of the model containing GM1 and sCT. As it can be observed a very flat dark surface appears in both samples, together with flat islands of about 1.5 nm high. The percentage of surface covered by these islands changes in the various zones of the same sample and between the samples. [Fig. 2](#f0010){ref-type="fig"}a shows a zone with few islands, while in [Fig. 2](#f0010){ref-type="fig"}c the highest surface (light brown) is more extended. The height difference between the two kinds of surfaces is about 1.5 nm, compatible with the different heights of POPC and GM1 molecules.Fig. 2AFM images relative to the raft model made of GM1/Chol/POPC (0.50/0.25/0.25) and sCT, deposited onto mica covered by plain POPC. sCT was added before the deposition to the outer monolayer at X=0.34 molar fraction. [Fig. 2](#f0010){ref-type="fig"}a shows a wide field, with many repeated features magnified in [Fig. 2](#f0010){ref-type="fig"}b. The inset represents the line-profile of the zone indicated in [Fig. 2](#f0010){ref-type="fig"}b. [Fig. 2](#f0010){ref-type="fig"}c and d are relative to an independent sample.Fig. 2

Notably, a characteristic feature can be identified in all situations, that is globular bright aggregates localized exclusively onto the highest surface. These aggregates are generally globules of varying heights, ranging from few to hundred nanometers. Higher is the aggregate bigger is its diameter. Rod-like aggregates can be also found seldom ([Fig. 2](#f0010){ref-type="fig"}d) that can be interpreted as early-formed sCT protofibrils as reported in literature [@bib11].

TM-AFM images relative to the sCT-free control model (GM1/Chol/POPC) revealed the same two flat surfaces described before. Notably, the features localized onto the high surfaces were totally absent (data not shown). Thus, we speculate that these structures can be interpreted as formed by sCT aggregates of different sizes.

Interestingly, Matsubara et al. described similar structures in a AFM study, interpreted as due to the formation of spherical Aβ-protein aggregates driven by high-density of GM1 localized in synaptosomes [@bib36]. As further support of the similarity between the aggregates observed by Matsubara et al. and the one observed in our investigation, we note that the adopted preparation protocol for the bilayer model system is the same, i.e. an inner POPC layer deposited on mica and an outer GM1 rich layer deposited above.

The all body of our AFM study indicates that stable double layers were formed onto atomically flat mica and that the outer surface was characterized by islands, more or less extended, of heights compatible with the occurrence of GM1 molecules. Globules that can be identified as sCT aggregates of different sizes, were observed only onto these islands.

3.2. Thermodynamic of the interaction of sCT with the outer leaflet {#s0060}
-------------------------------------------------------------------

To better investigate the interaction between the amyloid sCT with the outer leaflet of our model mimicking the lipid component of the external leaflet of a neuronal membrane, we studied by compression isotherms Langmuir monolayers made of GM1/Chol/POPC (0.50/0.25/0.25) with sCT at increasing molar ratios. The protein was added to the lipid mixtures before the monolayer deposition.

[Fig. 3](#f0015){ref-type="fig"}a shows the (π-A) isotherms of 8 monolayers, the black full-line curve being that of the plain GM1/Chol/POPC mixture, the dashed line corresponding to sCT, and the remaining 6 isotherms to the mixtures at increasing sCT molar fractions, from 0.20 to 0.80.Fig. 3Compression isotherms and BAM images (frame of 1×1 mm) relative to the model of the outer membrane leaflet: GM1/Chol/POPC and sCT. [Fig. 3](#f0015){ref-type="fig"}a shows isotherms relative to GM1/Chol/POPC (black solid) and sCT (dashed) at different molar ratios: 0.20 (red), 0.34 (green), 0.50 (blue), 0.60 (pink), 0.70 (light-blue), 0.80 (orange). [Fig. 3](#f0015){ref-type="fig"}b shows the "area-analysis" of this system at five surface pressures: ■ π=5 mN/m, **•** π=10 mN/m, ▲ π=15 mN/m, ▼ π=20 mN/m, ★ π=25 mN/m. Errors are within the symbols. The inset of [Fig. 3](#f0015){ref-type="fig"}a shows the "ΔG-analysis" at three surface pressures: ■ π=5 mN/m, **•** π=15 mN/m, ★ π=25 mN/m. BAM images show the monolayer morphology (in the L~c~ phase at π=22 mN/m) observed without sCT ([Fig. 3](#f0015){ref-type="fig"}c), with sCT at 0.34 ([Fig. 3](#f0015){ref-type="fig"}d) and at 0.60 ([Fig. 3](#f0015){ref-type="fig"}e) molar fraction.Fig. 3

As expected, the sCT isotherm is located at the highest mean molecular area (MMA) values, characterized by a pronounced knee, at approximately 400 Å^2^ and 18 mN/m, in agreement with previous observations [@bib73], [@bib74]. In a detailed study, Romeu *et al.* demonstrated that this knee and the following zone of an increased compressibility can been attributed to a film instability. Based on the hysteresis behaviour the authors concluded that sCTs adopt a close-packed form before the plateau, with only solvated polar aminoacids submerged in the subphase. At the plateau, described as a collapse, they proposed that the progressive reconfiguration of each molecule as a chain of loops suspended from less polar units occurs. Thus the protein, due to its water solubility, was expelled from the monolayer with most of the polar amino acids submerged in the subphase.

However, in the same study, the authors indicated that the film is stable if compressed up to surface tensions before collapse (π\<18 mN/m), and that there is not solubility of molecules from the monolayer under these conditions [@bib74].

For what concerns the lipid component, it is worth noting that the GM1/POPC/Chol isotherm shows a collapse pressure of about 63 mN/m and an evident inflection between 45 and 50 mN/m. The last feature can be attributed to the occurrence of an L~c~-L~o~ phase transition.

The typical sCT knee characterizes all isotherms of the mixtures. The feature due to the L~c~-L~o~ phase transition is still present, shifted depending on the sCT molar fraction, and the collapse pressures tend to the sCT-free one. This suggests that the film behaviour strongly depends from the lipid matrix.

[Fig. 3](#f0015){ref-type="fig"}b shows the "area-analysis". Notably, if the analysis is performed for pressures above the sCT knee (20 and 25 mN/m) the curves remain almost linear while, when the analysis is performed for pressures below the knee (5, 10 and 15 mN/m), the measured MMA shows a non-linear behaviour or better, a piecewise linear behaviour. The slope change occurs around X=0.34 sCT molar ratio. Apparently, above this threshold the presence of sCT molecules in excess affects only marginally the MMA values and a plateau appears, up to 0.6 molar ratio. A possible interpretation of this plateau is that, in this concentration range and at these low pressures, part of the sCT molecules were expelled from the monolayer.

[Fig. 4](#f0020){ref-type="fig"} shows the sCT \"partial molecular area\" (in red) calculated in two representative cases, which is above and below the sCT knee (π=18 mN/m). As in the "area-analysis", there is a marked deviation from the linearity when we are below the knee (a). The sCT partial molecular area (in red) reaches a minimum between 0.34 and 0.5, supporting our idea that some sCT molecules were expelled from the monolayer beyond X\>0.34.Fig. 4Partial molecular area results relative to the to the model of the outer membrane leaflet made of GM1/Chol/POPC and sCT. Symbols **•** indicate data relative to sCT while ■ to the GM1/Chol/POPC matrix. The analysis has been performed at π=10 mN/m (a) and π=25 mN/m (b), which is above and below the sCT knee (π=18 mN/m).Fig. 4

The same analysis, performed at pressures higher than the sCT knee (b), shows that the sCT partial molecular area is practically constant (in red). This suggests that, at this pressure some sCTs are embedded in the monolayer, independently from X, and that the proteins in excess are located outside.

Finally, the inset of [Fig. 3](#f0015){ref-type="fig"}a shows the "ΔG-analysis" results of our system and, as discussed by Romeu et al. [@bib73], [@bib74], can be considered "quantitative" only for pressures less than the sCT knee (5, 15 mN/m). ΔG grows up to a 0.34 sCT molar fraction, reaching a maximum (about 3 KJ/m), suggesting that, up this molar fraction, a protein aggregation occurred in the monolayer.

Notably, this value corresponds to the beginning of the plateau in the "area-analysis" results. Then, ΔG decreases and remains close to zero up to 0.60 molar fraction, where the plateau of the MMA ends.

For X\>0.6, the MMA ([Fig. 3](#f0015){ref-type="fig"}b) return to a linear behaviour that is the film pressure is affected by the sCT presence. This suggests that in this range the film structure totally changed and was determined by the big and abundant sCT molecules retained in the monolayer.

For what concerns BAM images, results relative to the GM1/POPC/Chol plain mixture didn't show any defined structure ([Fig. 3](#f0015){ref-type="fig"}c). The film appeared as a single L~c~ homogeneous phase due to the abundant saturated GM1 chains, in good agreement with the relative isotherm.

Conversely, the image relative to 0.34 molar ratio shows, for the first time, well-defined white structures (of about 6 µm) together with larger islands of about 15--100 µm diameters ([Fig. 3](#f0015){ref-type="fig"}d). This finding is quite interesting because, under this condition, a system change was indicated by "area-analysis", "partial molecular area-analysis" and "ΔG-analysis".

Finally, BAM images relative to 0.60 molar fraction ([Fig. 3](#f0015){ref-type="fig"}e) do not show any white features but only a grey homogeneous phase. We speculate that this is due to a thicker monolayer formed by the big and abundant sCT molecules, embedded in the monolayer. Indeed, BAM is a technique where images of enhanced brightness are formed by structures protruding from the monolayer, due to quadratic dependence of the reflectance with the thickness [@bib75].

To better shed light on the role played by GM1 in the interaction of sCT with the outer leaflet of our membrane model, we prepared and studied GM1-free Langmuir films made of Chol/POPC. As before, we added protein molecules at increasing molar ratios, from 0.20 to 0.80. [Fig. 5](#f0025){ref-type="fig"}a shows the resulting (π-A) isotherms.Fig. 5Compression isotherms relative to the GM1-free control model made of Chol/POPC and sCT. [Fig. 5](#f0025){ref-type="fig"}a shows the isotherms of plain lipids (black solid) and sCT (dashed) at different molar ratios: 0.20 (green), 0.40 (blue), 0.60 (light-blue) and 0.80 (pink) for Chol/POPC. [Fig. 5](#f0025){ref-type="fig"}b shows the "area-analysis" of this system at five surface pressures: ■ π=5 mN/m, **•** π=10 mN/m, ▲ π=15 mN/m, ▼ π=20 mN/m, ★ π=25 mN/m. Errors are within the symbols. The inset of [Fig. 5](#f0025){ref-type="fig"}a shows the "ΔG-analysis" at three surface pressures: ■ π=5 mN/m, **•** π=15 mN/m, ★ π=25 mN/m.Fig. 5

The collapse pressure of the plain Chol/POPC film is around 50 mN/m, lower than the value observed in the presence of GM1. Interestingly, the feature we attributed to the L~c~-L~o~ phase transition in the isotherm of GM1/POPC/Chol mixture is now totally absent and this confirms that the L~o~ phase was due to the presence of GM1.

As expected, the presence of sCT molecules induces the typical sCT knee. The "area-analysis" reported in [Fig. 5](#f0025){ref-type="fig"}b shows linear behaviours at all pressures, above and below the sCT knee, and the plateau observed in the presence of GM1 don't appear. The inset of [Fig. 4](#f0020){ref-type="fig"}a shows the "ΔG-analysis". Quantitative results for 5 and 15 mN/m (\<18 mN/m) indicate a flat trend characterized by positive values (\<2 KJ/m).

This finding demonstrates that the presence of GM1 was responsible for the highest ΔG values measured before (see the inset of [Fig. 3](#f0015){ref-type="fig"}a).

In conclusion, all our thermodynamic results indicate that there was an interaction between sCT and the monolayer mimicking the lipid component of the outer leaflet, triggered by the presence of GM1.

Notably, the system had a change beyond X=0.34. It is important to note that, at X=0.34 the number of sCT molecules equals that of GM1 molecules (50% of 0.66 molar fraction).

3.3. ζ-potential and size experiments {#s0065}
-------------------------------------

To investigate the electrostatic nature of the interaction between sCT and model membranes, we prepared liposomes made of GM1/Chol/POPC, with the molar composition of the outer L-B monolayer previously described (0.5/0.25/0.25) and with sCT at a molar fraction X=0.34. Our working hypothesis is that the sCT, which is positively charged in PBS at pH 7.3, is able to bind to the negatively charged sialic acid moiety of GM1, located at the liposome surface [@bib30].

To clarify if two different protocols of addition of the protein change the interaction mechanisms between sCT and GM1, we performed our experiments on liposomes prepared in two ways: i) by a co-dispersion of sCT and lipids in the organic solvent before the liposome preparation; ii) by adding sCT to the aqueous medium where liposomes were preformed.

The values of ζ-potential obtained from electrophoresis on the different liposome formulations are summarized in [Table 1](#t0005){ref-type="table"}, together with the corresponding average hydrodynamic radius and peak half-width determined by DLS measurements.Table 1ζ-potential, mean hydrodynamic radius R and peak half-width of the size distribution of liposomes with different composition. In GM1/Chol/POPC+sCT samples two populations with different size are present, as indicated in relative columns. The hydrodynamic radius R and the peak half-width or standard deviation, indicative of the distribution in the peak, is calculated directly from the size histograms, obtained from NNLS intensity weighted distribution analysis of DLS data. Errors on data are the statistical errors on three different repeated measurements, each one composed on a set of 15 submeasurements, at least.Table 1Sampleζ-potential \[mV\]R \[nm\]Peak half-width \[nm\]GM1/Chol/POPC−14.0±1.460±1.720±1.1GM1/Chol/POPC (diluted 1--5 in PBS)−15.6±1.558±2.125±1.7  GM1/Chol/POPC + sCT (co-dispersion)−9.1±0.979.7±3.231.5±1.38.2±0.51.8±0.3  GM1/Chol/POPC + sCT (added to liposome suspension in the PBS solution)−5.1±0.572.8±2.529.9±1.211.1±1.23.1±0.8Chol/POPC− 4.3±0.480±1.430±1.8Chol/POPC + sCT added to liposome suspension in the PBS solution−3.8±0.580±3.532±2.1

It has to be noted that the measured radii of all the liposomes are in the same range. The homogeneity of the dispersions allows us to rule out that ζ-potential measurements were influenced by the possible change of the total liposome surface due to radius variations.

Notably, in the absence of sCT the ζ-potential of GM1/Chol/POPC liposomes is remarkably negative (i.e. −14/−15 mV), and doesn't depend from the liposome concentration, as it can be observed comparing the values with those of the diluted sample.

When sCT is mixed to lipids during the liposome preparation, the ζ-potential values of GM1/Chol/POPC+sCT liposomes is less negative with respect to pure GM1/Chol/POPC liposomes, demonstrating the positive contribution furnished by the presence of the protein. Moreover, when sCT is added to the preformed GM1/Chol/POPC liposomes, the value of the ζ-potential is even further reduced, indicating that the protein is able to effectively adsorb at the liposome surface, neutralizing in part the negative charge.

As shown in [Fig. 6](#f0030){ref-type="fig"}a, the presence of an sCT coating is further suggested by the radius of sCT-liposome complex (about 80 nm), significantly larger than radius of bare liposomes (about 60 nm). Moreover, smaller objects with radius 8-11 nm were found when sCT was added, in both ways. We interpret this fact by the presence of sCT oligomers, free in solution, likely formed at the liposome surface because of the presence of GM1. The total absence of small aggregates in the sample Chol/POPC+sCT (see [Table 1](#t0005){ref-type="table"}) indicates that the protein aggregation is triggered by the presence of GM1 at the liposome surface and that only undetectable sCT monomers, non-interacting with liposomes, were present free in solution.Fig. 6DLS size distributions of the liposomal samples reported in [Table 1](#t0005){ref-type="table"}, obtained from intensity-weighted NNLS analysis. For GM1/Chol/POPC liposomes (panel A, ◯) the presence of sCT in the bilayer (▼, ▲) promotes the increase of mean hydrodynamic radius and the formation of smaller sCT aggregates, independently of the addition protocol. In Chol/POPC liposomes without GM1 (panel B, ⎕), no difference in radius and size distribution is found after sCT addition (panel B, ■).Fig. 6

To focus on the role-played by GM1, we also prepared GM1-free liposomes, made of Chol/POPC. In this system, the ζ-potential is slightly negative (i.e. −4 mV) and the external addition of the protein didn't alter this value, demonstrating that the protein didn't adsorb at the liposome surface.

As shown in [Fig. 6](#f0030){ref-type="fig"}b, the addition of the protein didn't affect the size of the liposomes, confirming that the sCT didn't form an external coating, as in the case of liposomes with GM1. The biggest size of Chol/POPC liposomes (about 80 nm) compared with the GM1/Chol/POPC one (about 60 nm) could be interpreted as due to the more compact structure of the bilayer induced by the presence of GM1, with its saturated tails. Our results strongly suggest that the positive sCT bound the negative GM1 moiety, thus shielding the negatively charged liposomes and resulting in quasi-neutral ζ-potential values. Notably, this is independent from the internal or external addition of sCT to liposomes.

3.4. The model {#s0070}
--------------

As discussed before, many studies have been conducted, both experimentally and theoretically, concerning the exact nature driving the interactions Aβ-GM1 but, up to now, the molecular mechanisms are not yet completely determined.

In a recent MD simulation performed with the GM1/POPC/Chol mixture, very similar to our experimental system, Manna and Mukhopadhyay suggested that the carbohydrate headgroup of GM1 acts as binding site for the amyloid protein [@bib37]. Moreover, Fantini et al. showed by a Langmuir technique and MD combined study that also Chol actively participates to the binding of Aβ~1-16~ with a GM1 dimer [@bib38].

Up to now, no MD simulations for the interaction of sCT with GM1 have been performed and the studies cited before are Aβ-specific and can't be directly extrapolated to sCT, even if belonging to the amyloid family.

We speculate that a possible interpretation of the sCT binding to the GM1 can be based on the net charges of these two molecules. The polar and the positively charged aminoacids of the protein, in contact with the solvent at pH 7.4 can interact electrostatically with the negatively charged sialic acid moiety of GM1 [@bib30].

In particular, the big sCT molecules having a volume of about 5 times the GM1, can bound to the GM1 polar head-groups and stabilized by Chol, according to the MD study of Fantini *et al.*, [@bib38] forming the complex sCT-GM1-Chol (see [Fig. 7](#f0035){ref-type="fig"}). This complex is characterized by the steric hindrance of the sCT and can be formed before the monolayer assembly.Fig. 7Simplified graphical model of the possible interaction of the amyloid protein sCT molecules with the Langmuir monolayer simulating the raft containing outer neuronal membrane leaflet (0.50/0.25/0.25 molar fraction of GM1/Chol/POPC). At X=0.34 molar fraction, the number of sCT molecules equals that of GM1.Fig. 7

After the monolayer formation, in L~c~ phase (π\>5 mN/m) [@bib64], [@bib65], the molecules are vertically organized and the complexes can aggregate, forming an ordered L~o~ phase representing the skeleton of the raft and characterized by saturated tails (see [Fig. 7](#f0035){ref-type="fig"}a).

From our thermodynamic results, three situations can be imaged:--when X\<0.34: the sCTs are less than GM1 molecules and the complexes sCT-GM1-Chol together with the GM1 in excess form an ordered phase constituting the raft ([Fig. 7](#f0035){ref-type="fig"}a);--when X=0.34: the sCT number is equal to GM1 molecules. In this case, due to the lack of Chol there are sCTs in excess not forming the complex that can be expelled from the monolayer and can aggregate outside the monolayer ([Fig. 7](#f0035){ref-type="fig"}b);--when X\>0.34: there are many sCT in excess and their aggregation proceeds forming spherical assembly on top of the raft, ([Fig. 7](#f0035){ref-type="fig"}c).

We note that, in this model, the whole monolayer can be in the L~c~ phase while the ordered GM1-rich domains in the L~o~ phase.

Our high-resolution AFM images of the membrane model in the L~c~ phase (π=22 mN/m) support this hypothesis, with the height difference between the two kinds of flat surfaces (about 1.5 nm) that can be attributed to the different dimensions of POPC and GM1 molecules ([Fig. 7](#f0035){ref-type="fig"}a) and the observed globules to sCT aggregates of different sizes ([Figs. 7](#f0035){ref-type="fig"}b and [7](#f0035){ref-type="fig"}c). Notably, Matsubara et al. obtained similar images in an AFM study concerning the formation of spherical aggregates of Aβ-protein driven by high-density of GM1 [@bib36].

When X\>0.6 the monolayer structure should be totally different and dominated by the big and abundant sCT molecules embedded in the monolayer, and the model of [Fig. 7](#f0035){ref-type="fig"} doesn't apply. However, we are not interested in this structure because very far from the biological conditions we are investigating.

4. Conclusions {#s0075}
==============

To gain information about the effect of different lipid compositions on binding and aggregation of amyloid proteins to model membranes, we have prepared and studied a model mimicking some properties of the peculiar structures named lipid-rafts, or detergent resistant membranes, generally localized in the outer leaflet of the bilayer.

sCT was selected as the amyloid protein of choice for this study. Previously, we extensively studied this protein due to its noticeably slow aggregation rate, a characteristic that significantly facilitate sample preparation and stability, and allowed us to follow the protein-protein and protein-lipid interactions since the early stages [@bib4], [@bib41], [@bib45], [@bib46].

We elaborated a combined biophysical approach; AFM, BAM microscopies measurements were applied to study the bilayer models, while the Langmuir trough technique to investigate the thermodynamic of the interaction of sCT with the outer membrane leaflet of the model. Finally, ζ-potential experiments were performed on liposomes to investigate the electrostatic nature of the interaction.

We found that the interaction between sCT and the model systems was controlled by the occurrence of GM1 and was of electrostatic nature. In particular, there is an indication of a preferential interaction between GM1 and sCT molecules, stabilized by Chol, with the result of the formation of a complex. The GM1 molecules represent the skeleton of the lipid-raft that drives the formation of spherical amyloid aggregates outside the bilayer.

Interestingly, similar models have been proposed for Aβ and other amyloid proteins, such as Aβ and prion. Thus, considering that a common structural arrangement has been hypothesized for different amyloid proteins, we support the idea that a common interaction mechanism for amyloid proteins interacting with lipid membranes rich in GM1 could exist. This outcome could hence provide useful information to design new therapeutic approaches of amyloid diseases based on the alteration of a membrane molecule like GM1 obtained, as an example, by cutting parts of the sialic acids by neuroaminidase and/or removing Chol by cyclodextrin.
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